Smart textiles are attracting great interest. Particularly, air-conditioning textiles are highly desired for their merits in energy conservation and personal temperature/humidity management. Currently, air-conditioning textiles can be fabricated by two strategies. One uses infrared-radiation-adaptive materials, and the other uses moisture-responsive actuators that can regulate temperature and humidity simultaneously. Here, the fabrication of a silk-yarn switch comprising electrospun highly aligned nanofibers is reported and its application in air-conditioning textiles is demonstrated. Silk yarn rotates in contact with liquid, and can be recovered by drying. The different responses and wetting behaviors of the switch to H 2 O and C 2 H 6 O is investigated. It is argued that alignment and surface hydrophilicity of nanofibers play important roles in this term. To elaborate, actuating trait is mainly controlled by reduction of the surface free energy of aligned silk nanofibers, during the wetting process. As proof of concept, the application of the sweat-driven silk-yarn switch in regulating the temperature/ humidity of the human body is demonstrated in this work. Considering the large production, versatile processibility, and good biocompatibility, silk actuator may have practical applications in designing smart switches (or valves) for intelligent textiles, artificial muscles, and other application scenarios.
Introduction
Smart textiles, which integrate personal activity monitoring and regulation functionalities, are producing the fourth industrial revolution for the textile and fashion industry [1] . For example, with the rapid development of nanoscience and nanotechnology in recent decades, smart textiles have begun to take on the roles of energy harvest/storage [2] [3] [4] [5] [6] , biological signal monitor [7, 8] , medication release [9] , and personal temperature/humidity management [10, 11] . Air-conditioning textiles that can regulate temperature and humidity are highly desired, particularly for the highintensity working situations of athletes and soldiers [12, 13] .
The emergence of new materials accelerates the development of smart fibers/textiles. Currently, air-conditioning textiles can be fabricated by two strategies. One involves fabricating infrared-radiation-adaptive textile by using materials such as nanoporous polyethylene films [10] , glass polymers [14] , and carbon nanotubes [15] . The other one uses actuating fibers/fabrics [16] that can dynamically regulate air permeability [13] . The latter approach can control temperature and humidity simultaneously. Recently, several fiber-shaped actuators made of graphene [17] , carbon nanotubes [18, 19] , and polyethylene fibers [20] have been reported. Compared with artificial materials, natural materials are highly preferred for wearable applications. Silk, which has been used in fabrics for thousands of years, is a natural protein fiber [21] . Interestingly, silk fibroin, the main component of natural silk fiber, is rich in hydrophilic groups. This property endows it with high potential for fabricating sweat-responsive fiber-shaped actuators. To realize effective sweat response, the rational design of the structure is a prerequisite.
Here, we report a silk-yarn switch composed of highly aligned nanofibers that can absorb sweat quickly and automatically rotate, enabling it to be applied in air-conditioning textiles. Aligned silk nanofibers were fabricated by directional electrospinning and were then twisted into yarn. The as-obtained silk yarn showed high crystallization and good mechanical properties. Interestingly, the yarn rotated when in contact with sweat and rotated in reverse without sweat contacting, enabling it to be a sweat responsive switch for dynamic regulating moisture/heat on the skin. We found that nanofiber alignment and desired hydrophilicity were key factors affecting the response. In fact, decreasing the surface free energy of aligned nanofibers is the driving force of rotation. We further demonstrated the application of the sweat-driven yarn actuator in air-conditioning textiles.
Experimental Section

Silk Fibroin Extraction
Silk fibroin solution was prepared from Bombyx mori following a reported work [22] . Briefly, silk cocoons were boiled for 30 min in a solution of 0.02 M NaHCO 3 and then rinsed with deionized water to remove the glue-like sericin proteins. Then the degummed silk was put in the oven at 60 °C for about 5 h. The silk was dissolved in a solution of CaCl 2 /C 2 H 6 O/H 2 O (molar ratio 1:2:8) at 70 °C for 6 h. After the solution was dialyzed in deionized water for 3 days, the silk fibroin solution was centrifuged and lyophilized to obtain a regenerated silk fibroin sponge. The sponge was dissolved in HCOOH (15-20 wt%) as the electrospinning solution.
Fabrication of Silk Yarn
Commercial electrospinning equipment (Beijing Ucalery Technology Development Co., Ltd.) was used for fabricating aligned silk nanofibers. The silk fibroin solution was electrospun at a constant flow rate of 0.6-1 mL h −1 . An electric potential of 15 kV was applied at the tip of the syringe needle. The electrospun silk nanofibers were collected on a rotating cylinder (2800 r/min), which was positioned at 12 cm away from the syringe needle, forming a film with aligned silk nanofiber. Then the film was peeled from the receiver and cut into strips along the aligned direction (0.5 × 10 cm). One end of the stripe was fixed and the other end was stacked to a motor. The motor rotating time was 40 s with a speed of 250 r/min, in the clockwise direction. We tied knots at the two ends of the yarn. The yarn was fixed at two ends and immersed in C 2 H 6 O for 10 min. It dried in air for further utilization.
Characterization
The scanning electron microscopy (SEM) images were captured by a field emission SEM (FEI Quanta 650). FTIR was carried out on a Nicolet 6800 FTIR spectrometer with a diamond attenuated total reflectance accessory. The spectra were obtained with a resolution of 4.0 cm −1 . The protein secondary structure contents were calculated by performing Fourier deconvolution over the amide I region (1580-1720 cm −1 ) and integrating the peak area. The mechanical properties were tested using a universal testing machine (SHIMADZU AGS-X) with a force transducer (load capacity 5 N, load precision 1%) at 25 °C with a relative humidity of 35%. The strain rate was 1 mm/min and the gauge length was 10 mm. The as-prepared and ethanol treated samples for mechanical tests have the same number of twists. The evolution of the contact angles is measured by employing a commercial contact angle measurement (OCA20, Dataphysics, Germany). The revolution number of the silk actuator was measured in the wetting/drying videos. When the yarn was in contact with liquid, time recording began. The revolution number was set as 0 at 0 s. The revolution number was measured as 1 when the yarn rotates for 1 cycle. The rest can be done in the same manner. The minimum recording unit for revolution number was 0.25. We imitated the sweat streaming of humans by putting a drop of artificial sweat on the silk yarn. The artificial sweat was composed of 1% NaCl and 99% water. Figure 1a shows the fabrication process of the silk yarn composed of silk nanofibers. The silk nanofibers were electrospun from silk fibroin solution prepared from natural silkworm silk cocoons (details in the methods and Figure S1 ). The electrospun nanofibers were in situ collected on a rotating cylinder, forming a film composed of aligned nanofibers (d ≈ 700 nm). The film was then twisted into silk yarn, which was treated with ethanol before further utilization. Figure 1b shows the reversible rotation of the silk yarn in response to wetting/drying, enabling it to serve as a sweat-driven yarn actuator for applications in air-conditioning textiles. Figure 1c shows a scanning electron microscopy (SEM) image of the yarn, whose surface contained highly aligned nanofibers and gaps. Figure 1d shows the as-prepared silk yarn winded on a reel. It had good flexibility and looks like normal sewing thread.
Results and Discussion
Fabrication of Silk-yarn Actuator Through Directional Electrospinning
Characterization of the Highly Aligned Nanofibers
The silk nanofibers prepared by directional electrospinning were highly aligned, thereby contributing to the good tensile strength and effective actuation of the silk yarn. Figure 2a shows the morphology of the aligned nanofibers prepared by directional electrospinning compared with the random nanofibers prepared through normal electrospinning ( Fig. 2b) . Obviously, most nanofibers in Fig. 2a were aligned in one direction. The insets in Fig. 2a, b show the corresponding power spectra obtained by the fast Fourier transform of the SEM images, which can be used to quantitatively compare fiber alignment [23] . The anisotropic pattern in Fig. 2a indicates that the directionality of the silk nanofibers was concentrated ( Figure S2 ).
To avoid dissolution of silk nanofibers in water, we treated the as-prepared silk yarn with ethanol to increase the content of β-sheet in the regenerated silk nanofibers. More β-sheet and less random coil in regenerated silk are conducive to water insolubility [24, 25] . Figure 2c, d show the morphology of the as-prepared and C 2 H 6 O treated film composed of silk nanofibers. Apparently the treated film was more compact than the as-prepared one. Figure 2e , f show the Fourier transform infrared spectra (FTIR) of the silk nanofibers treated for different times and the corresponding SEM images are shown in Figure S3 . The evolution of the crystallinity of silk fibroin was observed. The peaks centered at 1624 and 1699 cm −1 were assigned to β-sheet and β turn. The intensity of these two peaks increased with extending the treatment time from 0 to 60 min, indicating increased β-sheet and β turn. The broad peak from 1655 to 1660 cm −1 was assigned to random coil or helical conformation or both (for amide I) [26] . Figure 2f shows the deconvolution of the FTIR spectrum of the sample treated for 10 min in the broadband from 1580 to 1720 cm −1 , which can be used to calculate the contents of β-sheet. The contents of β-sheet in the samples with treatment times of 0, 1, 5, 10, and 60 min were calculated to be 26.90%, 30.17%, 38.73%, 41.47%, and 42.48%, respectively. For reference, the β-sheet content of natural silkworm silk fibers is 43.53% ( Figure S4) . Given that the β-sheet content in the sample treated for 10 min was very near to that treated for 60 min, we chose 10 min as the optimal treatment time in the subsequent experiments.
Mechanical Properties of Silk Yarn
The morphology and mechanical properties of the silk yarn were studied. Figure 3a, b show the morphology of the asprepared silk yarn. The average diameter of the as-prepared and silk yarns was 171 ± 19 and 156 ± 21 μm, respectively. The angle of twist was about 30°-45°. Figure 3c shows the strain-stress curves of silk yarn prepared through different processes. We compared the mechanical properties of silk yarn (Table S1 ). The tensile strength of the treated yarn was higher than that of the as-prepared yarn. The tensile strength of the as-prepared yarn composed of aligned nanofibers (13.3 MPa) was 241% higher than that of the yarn composed Illustration showing the rotation of the silk yarn in wetting/drying process. c SEM image of the silk yarn. d Image of the as-prepared silk yarn of random nanofibers (3.9 MPa), which can be ascribed to nanofiber alignment [27] . After ethanol treatment, the tensile strength of the yarn composed of aligned nanofibers further increased (15.5 MPa), which can be ascribed to the increase in β-sheet crystallinity [25] . Figure 3d shows a typical breakpoint of yarn composed of aligned silk nanofibers. The sharp fracture surface indicated the effective force redistribution among silk nanofibers in the silk yarn while external tensile stress was loaded.
Actuating Performance and Wettability of Silk Yarn
We investigated the responses of the silk yarn to H 2 O and C 2 H 6 O. The silk yarn can rotate in contact with liquid, and can be recovered by drying. To quantitatively investigate the rotation behavior of the silk yarn, we fixed one end of the yarn and counted the rotation number of the other end using silk yarn with a length of 7 cm. The rotation of the yarn in contact with liquid was recorded (Movie S1). Figure 4a , b show the plots of revolution number (turn/7 cm) versus time of the silk-yarn switch driven by water and ethanol, respectively. The wetting/drying process in response to H 2 O took about 125 s and that to C 2 H 6 O took about 22 s (Movie S1). Notably, the line between 88 and 125 s in Fig. 4a is dashed because this stage is simplified in the plot. In this stage, the actuator untwisted too much and exceeded its original position ( Figure S5 ). However, it ultimately recovered to its original position. The revolution numbers for wetting and drying process were 1.5 ± 0.2 and 1.4 ± 0.2 in response to H 2 O, 2.4 ± 0.5 and 2.5 ± 0.5 in response to C 2 H 6 O (Fig. 4c) , which was obtained from 55 wetting/drying cycles ( Figure  S6) .
The different rotation behaviors in response to H 2 O and C 2 H 6 O can be ascribed to the different wettability of H 2 O Figure 4d shows an image of the film before contacting with a drop of liquid. The dynamic contact angle of H 2 O changed from 120° to 20° within 80 s (Fig. 4e) . The infiltrating behavior of artificial sweat (1% NaCl, 99% H 2 O) was similar to H 2 O (Movie S2). By contrast, the infiltration process of C 2 H 6 O in the silk film was short (within 1 s). C 2 H 6 O instantaneously infiltrated the silk film when it made contact with the substrate (Fig. 4f ). This finding agreed with the experimental results that the silk yarn rotated faster in response to C 2 H 6 O than to H 2 O. Figure 5a shows the images of silk yarn rotating from dry to wet. The length contraction during wetting was negligible (3-8%). As proof of concept, we designed a self-regulated ventilation window on the back of a T-shirt (Fig. 5b) . A piece of cloth was attached to one end of the silk-yarn switch, which was sewn on the shirt from the other end (Figure S7) . We imitated the sweating process of the human body by putting artificial sweat on the silk yarn. The silk yarn rotated in contact with sweat opening the ventilation window (Movie S3), which enabled the release of moisture/ heat from inside of the garment. When the silk actuator dried, it rotated reversely and the window closed, thereby regulating the humidity and temperature of the human body (Fig. 5c ).
Application in Air-conditioning Textiles
Proposed Mechanism of Silk-yarn Actuator
Authors propose the following mechanism for the performance of silk-yarn actuator. Decreasing of surface free energy of the hydrophilic silk yarn, composed of aligned nanofibers, during wetting causes force driving of actuation. The hydrophilic nature of the silk yarns (the high potential The structure of silk actuator sewed on a T-shirt. c Demonstrating the application of a sweat-driven silk-yarn switch for air conditioning textiles. A piece of cloth is attached to the end of the silk yarn, working as a self-regulated ventilation window in response to sweat for absorption of sweat) is originated from -OH and -COOH groups in silk fibrons groups [28, 29] . Figure 6a illustrates the liquid-absorbing process of silk nanofibers. The silk nanofibers contain β-sheet, α-helix, and random coils, which have plenty of hydrophilic groups that can quickly absorb H 2 O or C 2 H 6 O via hydrogen binding. To further confirm this result, we prepared a hydrophobic silk yarn treated with a commercial reagent [30, 31] , which demonstrated no rotation in contact with water. This observation indicates that only the hydrophilic yarns can show actuating function. Figure 6b illustrates the proposed mechanism. When H 2 O infiltrated the aligned gaps among nanofibers, the nanofiberair (solid-gas) and the water-air (liquid-gas) interfaces were replaced by a nanofiber-water (solid-liquid) interface (Fig. 6c ). The induced decrement in surface free energy can be expressed as:
in which G is the Gibbs free energy per unit area; γ s−l , γ s−g , and γ l−g are the surface tension of solid-liquid, solid-gas, and liquid-gas, respectively. The released surface free energy was converted into the mechanical energy for rotation. The elastocapillary force [32] among the aligned nanofibers narrowed the gaps between the nanofibers, initiating the rotation of the yarn actuator. The silk yarn contracted during the liquid absorbing process with a diameter contraction around 2.8% ( Figure S8 ). The alignment of the silk nanofibers was a prerequisite for effective sweat response. The aligned gaps among the aligned nanofibers guided the water flow. As evidence, the yarn composed of random nanofibers did not rotate in contact with H 2 O. The (1) ΔG = s−l − s−g − l−g disordered elastocapillary force in random nanofibers cannot induce rotation in the same direction. When the H 2 O/C 2 H 6 O evaporates, the elastocapillary force disappeared and thus the silk yarn rotated in reverse to release the energy, which accumulated throughout the wetting process. Considering the actuator is mainly influenced by the wettability of the nanofibers and the evaporation rate of liquid, it can be further designed to realize different responsive speed to different liquid in other situations as smart switches (or valves).
Conclusions
In summary, this work reported a sweat-driven silk-yarn switch comprising highly aligned gaps, which can absorb sweat quickly and automatically rotate, enabling dynamic temperature/humidity regulation for smart textile applications. Highly aligned silk nanofibers were prepared by directional electrospinning and then twisted into silk yarn. Silk yarns were treated in ethanol to increase the content of β-sheet and avoid their dissolution in water. The obtained silk yarns resembled normal threads and showed desired flexibility and toughness. Silk yarns rotated by absorbtion of H 2 O/C 2 H 6 O/sweat and could be recovered by drying. Rotation steadily was repeated in multiple wetting/drying cycles, showing sustainable performance. Rotation mechanism of the yarn upon wetting/drying was systematically studied. We found that the nanofiber alignment, the wetting behavior, and the hydrophilicity of the yarn were the main factors which influence the sweat-driven behavior. Upon wetting, the elastocapillary force was exerted among the aligned nanofibers, which narrowed the gaps among the nanofibers, initiating rotation. Along with drying process, the elastocapillary force disappeared and the silk yarn rotated in reverse by releasing the accumulated energy. As proof of concept, a self-regulated ventilation window on a T-shirt for air-conditioning textiles was demonstrated. In account of the merits of silk materials and the unique characteristics of the silk yarn, the device proposed in this study may find wide applications as dynamic switches, sensors, biomimetic muscles, and energy harvesters in smart textiles.
